ABSTRACT Cholesterol-rich microdomains (or ''lipid rafts'') within the plasma membrane have been hypothesized to exist in a liquid-ordered phase and play functionally important roles in cell signaling; however, these microdomains defy detection using conventional imaging. To visualize domains and relate their nanostructure and dynamics to mast cell signaling, we use twophoton (760 nm and 960 nm) fluorescence lifetime imaging microscopy and fluorescence polarization anisotropy imaging, with comparative one-photon anisotropy imaging and single-point lifetime and anisotropy decay measurements. The inherent sensitivity of ultrafast excited-state dynamics and rotational diffusion to the immediate surroundings of a fluorophore allows for real-time monitoring of membrane structure and organization. When the high affinity receptor for IgE (FceRI) is extensively cross-linked with anti-IgE, molecules associated with cholesterol-rich microdomains (e.g., saturated lipids (the lipid analog diI-C 18 or glycosphingolipids)) and lipid-anchored proteins coredistribute with cross-linked IgE-FceRI. We find an enhancement in fluorescence lifetime and anisotropy of diI-C 18 and Alexa 488-labeled IgE-FceRI in the domains where these molecules colocalize. Our results suggest that fluorescence lifetime and, particularly, anisotropy permit us to correlate the recruitment of lipid molecules into more ordered domains that serve as platforms for IgE-mediated signaling.
INTRODUCTION
Cholesterol-rich microdomains, or ''lipid rafts'', within the plasma membrane have been implicated in essential cell functions such as signaling and membrane trafficking (1) (2) (3) and are proposed to exist in a liquid-ordered phase that is enriched in saturated phospholipids and sphingolipids (3) . However, noncaveolar cholesterol domains have not been directly observed in vivo without substantial perturbation (e.g., long-term incubation in the cold or extensive crosslinking of cholesterol-rich microdomain markers) (4-7); thus, much controversy about their size, shape, lifetime, and molecular composition remains. In model membrane systems such as giant unilamellar vesicles (8, 9) and supported lipid bilayers and monolayers (10) (11) (12) (13) , the liquid-ordered phase has been widely visualized and characterized, but these models lack the full complexity and reactivity associated with the plasma membrane of living cells.
A variety of spectroscopic and microscopic techniques have been used to investigate the structure and dynamics of lipid microdomains in both model and cellular systems. Spectrofluorimetry (14) , single-point dynamics with a temporal resolution of approximately tens of nanoseconds (15) , electron spin resonance (16, 17) , and NMR (18) spectroscopies have provided valuable insights into the structural order of small and giant unilamellar vesicles and isolated detergentresistant membranes (DRMs) that have been extracted from various cell types. Nevertheless, these ensemble measurements offer either no information on site-specific dynamics or no spatio-temporal information at the single-cell level. For single cell experiments, fluorescence recovery after photobleaching (FRAP) (5), fluorescence correlation spectroscopy (FCS) (19) , and single-particle tracking (SPT) (20, 21) have been used to analyze the biophysical properties of lipid microdomains. These translational diffusion-based techniques are limited by optical diffraction and ensemble averaging (FRAP and FCS) or by the valency of the probe (SPT), as well as by the timescale (microseconds to seconds) associated with translational diffusion. In contrast, fluorescence lifetime and rotational diffusion approaches are exquisitely sensitive to molecular structure (i.e., organization and conformation) and rigidity of the surroundings (22, 23) and may provide insight into the short-range dynamics (picoseconds to nanoseconds timescale) and molecular order of the membrane nanostructure. This molecular-level environmental sensitivity provides an opportunity to bypass the diffraction limit of the intensity-dependent measurements typically used to characterize cholesterol-rich lipid domains in vivo.
Here, we investigate specialized cholesterol-rich domains in individual RBL-2H3 mast cells and probe the influence of cross-linking induced changes on membrane nanostructure, and therefore biological function. Our integrated biophotonics techniques include confocal and two-photon fluorescence microscopies, two-photon fluorescence lifetime imaging (2P-FLIM), and fluorescence polarization anisotropy, with complementary one-photon measurements. When the highaffinity immunoreceptor for IgE (FceRI) on mast cells and basophils is cross-linked with multivalent antigen, it is phosphorylated by the Src family tyrosine kinase, Lyn, in a cholesterol-dependent manner (7, 24) . We are able to visualize large-scale domains of IgE-FceRI when these complexes are cross-linked with secondary antibody (anti-IgE, a-IgE) in the cold (5) (6) (7) . Although this extensive crosslinking represents a gross, nonphysiological perturbation, it permits a clear comparison of cells in the presence or absence of cross-linking and ease of identification of regions of interest for single-point measurements. Thus, these conditions establish a fundamental basis for more physiological studies, while allowing for a correlation between dynamic membrane nanostructure and the location of specific signaling molecules (i.e., IgE-FceRI).
MATERIALS AND METHODS

Cell preparation
RBL-2H3 mast cells were maintained and harvested as previously described (7, 25) . Cells (3 3 10 6 cells/mL) suspended in bovine serum albumin (BSA)-containing buffered saline solution (BSA/BSS: 20 mM HEPES pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5.6 mM glucose, 1 mg/ mL BSA) were sensitized with a 10-fold molar excess of mouse anti-2,4-dinitrophenyl IgE (provided by Dr. David Holowka, Cornell University). IgE was used either unlabeled or conjugated to AlexaFluor 488 (A488-IgE) via a commercially available protein labeling kit (Invitrogen, Eugene, OR), which labels the monomeric IgE at exposed primary amines (the dye/IgE ratio was 5.5 as determined by absorption spectroscopy). Cells were labeled with a 50-fold dilution of 0.2 mg/mL 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (diI-C 18 , Invitrogen) stock solution prepared in dimethylsulfoxide (DMSO). For this protocol, the dye/lipid ratio in cells was previously estimated to be ;1:220 (or 0.46%) (5) . RBL cells were incubated (2 h, 4°C) either in the presence or absence of 10 mg/mL polyclonal rabbit anti-IgE (a-IgE) (provided by Dr. Holowka), as described previously (5) , to form extensive patches of IgE-FceRI (''cross-linked'' cells), or not (''uncross-linked'' or ''monomeric'' cells). Before imaging, 25 mL of cell suspension was pipetted onto a 22 mm 3 22 mm glass cover slip, covered with a 3'' 3 1'' glass slide, sealed with VALAP (Vaseline/lanolin/ paraffin (2:1:1, wt/wt)), and incubated for 10-15 min. at room temperature (;20°C) for immobilization. Cells dually labeled with diI-C 18 and A488-IgE were used for steady-state confocal imaging. For all other experiments, cells were fluorescently labeled with either diI-C 18 (in the presence of unlabeled IgE for possible cross-linking) or A488-IgE. For solution experiments, A488-IgE was diluted in phosphate-buffered saline (PBS, 10 mM Na 2 HPO 4 , pH 7.4, 150 mM NaCl) and diI-C 18 in DMSO.
Fluorescence microscopy and ultrafast spectroscopy
The experimental setup and data analysis will be described in more detail elsewhere (26) . Briefly, we describe the different modalities of fluorescence microscopy and ultrafast spectroscopy used in these studies.
Confocal microscopy
Three-channel detection confocal microscopy, consisting of a fiber-coupled laser system, a scanner (FluoView300, Olympus, Melville, NY), differential interference contrast (DIC) optics, an inverted microscope (IX81, Olympus), and an Olympus 603, 1.2 numerical aperture (NA) water-immersion objective, was used in these studies. The scanner was also modified to allow for 2P laser scanning required for 2P-FLIM applications. A488-IgE was imaged using 488 nm argon ion laser excitation and a 525/30 bandpass filter, while diI-C 18 was imaged with 543 nm HeNe laser excitation and a 605/70 bandpass filter. DIC imaging was used to monitor cell viability before and after all experiments to ensure that no photodamage had occurred. Unlabeled RBL cells showed negligible autofluorescence (data not shown). Imaging and spectroscopy experiments were carried out at room temperature (;20°C).
2P-fluorescence lifetime imaging and one-photon time-resolved lifetime
For 2P-fluorescence and lifetime imaging, a femtosecond laser system (;120 fs, 76 MHz) was used, which consists of a solid-state Ti:sapphire laser (Mira 900F, Coherent, Santa Clara, CA) that is pumped with a 10 W diode laser (Verdi, Coherent) and provides 700-1000 nm excitation. The laser beam was conditioned and steered toward the laser scanner, before being focused on the sample with a 603, 1.2 NA water-immersion objective. The pulse power at the sample ranged from ;0.5-5 mW (i.e., energy per pulse ;10-100 pJ). The two-photon, epifluorescence signal was detected via an exit port of the microscope using a dichroic mirror. For two-channel imaging, the fluorescence signal was split (50/50) into two detection channels, filtered (BGG22, Chroma, Rockingham, VT) to isolate further scattered laser light, polarization-analyzed using Glan-Thompson polarizers, and then detected using microchannel plates (R3809U-50, Hamamatsu, Hamamatsu City, Japan). For lifetime imaging, only one of the channels was used and the polarizer was set at the magic angle (54.7°) with respect to the laser polarization. The signal was amplified and fluorescence lifetime images were constructed using a time-correlated single-photon counting module (SPC830, Becker & Hickl, Berlin, Germany). The module was synchronized using a fast photodiode, which was triggered with ;5% of the laser pulses. For 2P-FLIM of RBL cells, both A488-IgE and diI-C 18 were excited at 760 nm, based on the 2P excitation spectra of these dyes (data not shown and (27) ). At this wavelength, autofluorescence from unlabeled RBL cells was negligible. To further eliminate the possibility of autofluorescence, we also conducted additional 2P-FLIM experiments at 960 nm excitation to avoid intrinsic autofluorescence from NADH and FAD, and comparable results for both A488-IgE and diI-C 18 were obtained (Supplemental Fig. 1 ). 2P-FLIM images were recorded using 256 3 256 pixels with 65 time bins per pixel (i.e., 259 ps/bin) at both the equatorial plane and the top surface of cells. Under these conditions, a typical FLIM image was recorded within 120 s, without photodamage or cellular movement. Experiments at 760 nm were performed over several days on different cell preparations that had (n ¼ 12 cells for A488-IgE, 6 cells for diI-C 18 ) or had not (n ¼ 12 cells for A488-IgE, 12 cells for diI-C 18 ) been incubated with a-IgE.
The fluorescence lifetime of a given fluorophore provides valuable information about its molecular structure and the surrounding local environment (23, 28) . Generally, the time-resolved fluorescence decay of a given fluorophore at pixel (x,y) measured at the magic angle (i.e., without rotational effects) can be best described as a sum of exponentials with time constants (t i ) and amplitudes (a i ) as follows (26):
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These fluorescence decays were deconvoluted with the system response function (full-width at half-maximum, FWHM ;60 ps) and the average fluorescence lifetime was calculated as AEt fl ae ¼ + i a i t i = + i a i . The fluorescence quantum yield (F fl ) and the excited-state fluorescence decay rate (k fl ¼ 1=t fl ) of a given fluorophore depend on the radiative (k r ) and nonradiative (k nr ) rates following F fl ¼ k r =k fl ¼ k r =ðk r 1k nr Þ. Considering the complexity of cellular environments, various nonradiative pathways are likely to compete with fluorescence emission of a given fluorophore. For example, when a fluorophore is incorporated into a lipid membrane, its excited-state lifetime is affected by the overall organization or order of the membrane (29) , the compositional diversity of the lipids (heterogeneity), and the solvent-fluorophore interactions. Isomerization, which explains the enhanced fluorescence properties of diI-C 18 upon restriction in an organic phase (i.e., the membrane), is a primary example of such a pathway. As a result, the nature of the fluorescence decays enables us to quantify the excited state dynamics and to assign the competing nonradiative pathways present under given environmental conditions. Here, we used excited-state dynamics to reveal the effect of IgE cross-linking on local membrane nanostructure and protein-protein interactions in RBL cells, as probed by the lipid analog diI-C 18 and A488-IgE, respectively.
To enhance the signal/noise ratio and temporal resolution, we also conducted complementary single-point measurements (i.e., the laser was parked without scanning) using 1024 time channels with 16 ps/channel. In this case, one-photon (1P) laser pulses were generated (480 nm, 4.2 MHz) using a pulse picker (Mira 9200, Coherent) and second harmonic generation (using SHG-4500, Coherent). In this case, the laser was steered toward the sample via the rear exit port of the microscope and strategically positioned at a selected area on the cell membrane. For all single-point experiments, a uniformly labeled location on the cell equator of uncross-linked cells was chosen, whereas for cross-linked cells the beam was positioned on an equatorial membrane patch. The single-point fluorescence decays reported here were measured (using magic-angle detection to eliminate any rotational effect on the observed excited-state dynamics) and/or calculated from simultaneously measured parallel and perpendicular polarizations (see below). Since the fluorescent labels lack perfect centers of symmetry in (diI-C 18 ) or on (A488-IgE) the membrane, the first excited state can be excited with either one or two photons, thus our comparative 1P single-point timeresolved lifetime and 2P-FLIM measurements are likely equivalent.
Steady-state fluorescence polarization anisotropy imaging and 1P time-resolved anisotropy
To correlate the observed dependence of excited-state dynamics with membrane nanostructure, we performed steady-state and time-resolved fluorescence anisotropy measurements. Two-channel fluorescence intensity images were recorded simultaneously at two different polarizations, one parallel (0°) and the other perpendicular (90°) with respect to the excitation polarization. During the excited-state lifetime, a fluorophore undergoes rotational diffusion that is sensitive to its hydrodynamic volume and the nature of the surrounding environment. After photoselective excitation of a fluorophore at pixel coordinates (x,y) in a cell, the time-resolved fluorescence polarization anisotropy, r(t;x,y), can be described generally as (26): rðt; x; yÞ ¼ ½I k ðt; x; yÞ ÿ G Á I ? ðt; x; yÞ ½I k ðt; x; yÞ 1 2G Á I ? ðt; x; yÞ
where I k and I ? are the parallel and perpendicular fluorescence emission intensities, with respect to the excitation polarization vector, as selected using Glan-Thompson polarizers. The time-resolved anisotropy depends on the rotational correlation time (f j ) and the preexponential factor (b j ) whose sum is equal to the initial anisotropy, r 0 (23). In some cases, f 3 approaches infinity so that b 3 is referred to as the residual anisotropy, r N , which is due to the hindrance of fluorophore rotation and is present at times that are long compared to the fluorescence lifetime of the probe (23) . The degree of orientational constraint of a fluorophore is defined by the ratio, r N /r 0 , which describes its range of angular rotation and is related to the order parameter, S, with S ¼ (r N /r 0 ) 1/2 (30, 31) . The G-factor accounts for possible polarization bias in the detection efficiency (23) . The denominator in Eq. 2 is equivalent to the magic-angle fluorescence decay, but with the advantages of direct correlation between the excited-state and rotational dynamics of a fluorophore at the same cellular location and minimal cellular photodamage.
For 1P steady-state confocal anisotropy imaging, the G-factor (0.96) was estimated, using reference fluorophores, by comparative measurements of steady-state anisotropy carried out in a spectrofluorimeter with polarization capabilities and on our confocal microscope. In these control experiments, free fluorescent molecules (;1 mM) in solution (e.g., green fluorescent protein, DsRed, rhodamine green, or rhodamine 6G in water) and in viscous media (e.g., rhodamine green or rhodamine 6G in 100% glycerol) were excited by either 488 nm or 543 nm excitation. As an example, we obtained steady-state anisotropies of 0.31 6 0.01 and 0.30 6 0.01 for 1 mM green fluorescent protein in water using fluorimetry and confocal microscopy, respectively, which is in agreement with Rocheleau et al. (32) . As a result of these experiments, depolarization due to the high NA objective was determined to be negligible using an underfilled objective. For complementary 2P-steady-state anisotropy imaging (Supplemental Fig. 2 ) and singlepoint time-resolved anisotropy measurements, the G-factor (0.7) was determined using the tail-matching approach (23, 28) for solutions of free fluorescein (in water), Alexa 488 (in water), or diI-C 18 (in DMSO). The measured initial anisotropies were always lower than the projected theoretical values (0.4 and 0.57 for 1P and 2P, respectively), which implies a nonzero interdipole angle between the absorbing and emitting dipoles (23, 33, 34) . In fact, the 1P initial anisotropies of diI-C 18 (r 0 ¼ 0.381, as calculated from the reported polarization of 0.480 (35) ) and Alexa 488 (r 0 ¼ 0.376 (36)) in highly ordered environments (encapsulated in Sylgard 182 silicone elastomer and 100% glycerol, respectively) suggest that, although the absorption and emission dipoles are not completely parallel, these fluorophores have the structural range to report on the order of their surroundings.
Data analysis
The measured magic angle fluorescence decays per pixel in 2P-FLIM images were analyzed using a nonlinear, least-squares fitting routine with deconvolution of the system response function (FWHM ;60 ps) in the SPCImage software package (Becker & Hickl). The response function was measured using the second harmonic signal of the femtosecond pulses or generated by SPCImage based on the rise time of the measured decay. The residual and a reduced chi square (x 2 ¼ x 2 =d, where
y is the original data value for the point, y i is the fitted value for a given point, and d ¼ degrees of freedom) were used to assess the goodness of the fit. In general, fluorescence decays fit withx 2 ¼ 1.0-1.3 were considered satisfactory. The same nonlinear, least-squares fitting routine was also applied to the single-point fluorescence decays acquired at the magic angle. In some cases, the magic angle fluorescence decays were calculated from simultaneously measured parallel and perpendicularly polarized time-resolved fluorescence (see above). Nonlinear least-squares fitting of these decays were carried out using either OriginPro 7 (OriginLab, Northhampton, MA) or IgorPro (WaveMetrics, Lake Oswego, OR) without deconvolution of the system response function, especially when the decay time constants were larger than the FWHM of the response function (i.e., for A488-IgE). The goodness of the fit was evaluated using x 2 calculated by OriginPro 7 or IgorPro (x 2 ¼ + i ðy ÿ y i =s i Þ 2 , where y and y i are as previously described and s i is the standard error for the point). In this case, decays fit with x 2 ¼ 0-0.01 were considered satisfactory. Comparative lifetime measurements of diI-C 18 in cells (the sample with the shortest decay time constant of all) and various free fluorescent molecules in solution (data not shown) indicated negligible differences in the time constants using both techniques (with or without deconvolution). We also performed unpaired, two-tailed Student's t-tests using Excel (Microsoft, Redmond, WA) to assess whether the variation of fluorescence decay parameters observed for diI-C 18 and A488-IgE upon cross-linking was statistically significant (p # 0.05). Single-point time-resolved lifetime experiments were performed, on three separate days, on cells that had (n ¼ 21 cells for diI-C 18 , 19 cells for A488-IgE) or had not (n ¼ 23 cells for diI-C 18 , 18 cells for A488-IgE) been incubated with a-IgE.
For steady-state fluorescence anisotropy image analysis, we developed a custom MATLAB (The MathWorks, Natick, MA) program to calculate steadystate initial anisotropy images (r 0 (t;x,y)) of diI-C 18 and A488-IgE labeled cells. The measured parallel and perpendicularly polarized fluorescence images were recorded simultaneously and used in these calculations. 1P steady-state anisotropy images of diI-C 18 were acquired at the equatorial plane and at the top surface of the cells, over four individual days, on cells that had (n ¼ 27 cells) or had not (n ¼ 20) been incubated with a-IgE. For single-point time-resolved fluorescence polarization anisotropy, the decays were fit (Eq. 2) using IgorPro, without deconvolution of the system response function. Because the anisotropy decays were calculated from time-resolved parallel and perpendicular fluorescence decays, such deconvolution is rather difficult. As an alternative approach, the first few time channels from the zero-time of these calculated decays were omitted and the fit was started beyond the FWHM (;60 ps) of the system response function. The x 2 generated by the IgorPro fitting software was again used to determine the goodness of the fit. Our a priori expectation was that membrane anisotropy (as probed by diI-C 18 ) and the anisotropy of A488-IgE would increase upon IgE receptor cross-linking, so unpaired, one-tailed Student's t-tests were performed in Excel on all of the anisotropy decay fit parameters to determine whether the mean values were significantly different (p # 0.05) for crosslinked versus uncross-linked cells. Single-point time-resolved anisotropy experiments were performed, on three separate days, on cells that had (n ¼ 11 cells for diI-C 18 , 12 cells for A488-IgE) or had not (n ¼ 11 cells for diI-C 18 , 13 cells for A488-IgE) been incubated with a-IgE.
RESULTS AND DISCUSSION
The so-called ''raft hypothesis'', which attributes functional roles in signaling and trafficking to cholesterol-rich domains, has remained controversial, in part due to the difficulty of observing domains in vivo without significant nonphysiological perturbations (e.g., low temperatures or extensive cross-linking). The elusive nature of these domains is likely due to lipid-lipid and lipid-protein interactions that are shortlived and thermodynamically unstable in the unstimulated state and to the possible transient coalescence of domains to nucleate functional domains upon receptor engagement (e.g., antigen-induced cross-linking of IgE-FceRI) and allow signal initiation. Baird, Holowka, and co-workers have investigated FceRI phosphorylation by the tyrosine kinase, Lyn, which occurs upon IgE-FceRI cross-linking by antigen (7) . Their studies have demonstrated that such phosphorylation proceeds in a cholesterol-dependent manner (7), which is due to the protective nature of cholesterol against tyrosine phosphatases (37) . As a first step toward our goal of following the association of the IgE receptor and other fluorescently labeled signaling molecules with changes in membrane nanostructure as signaling proceeds, we used RBL mast cells that were extensively cross-linked with a-IgE to form micronsized patches or domains. Although these conditions are nonphysiological, this system allows us to test whether changes in lifetime and anisotropy correlate with the formation and location of these receptor-containing domains.
Confocal microscopy reveals IgE cross-linking-induced coredistribution of a lipid analog with IgE-FceRI in RBL cells
Under resting conditions, A488-IgE-FceRI complexes are preferentially localized on the plasma membrane of live RBL mast cells, which is labeled with diI-C 18 ( Fig. 1 ). To prevent cross talk between the two imaging channels (Alexa 488 and diI-C 18 ), we used different excitation wavelengths and emission filters. When IgE-sensitized RBL mast cells are extensively cross-linked with a-IgE for long periods in the cold, we observe the formation of large domains of IgEFceRI (Fig. 1 D) . The majority of the lipid analog diI-C 18 (our lipid microdomain marker) coredistributes with IgEFceRI into these well-defined patches (Fig. 1 E) , as observed in previous studies (5,7). The patches are several microns in size and are markedly different from the more uniform distributions of IgE-FceRI (Fig. 1 A) and diI-C 18 ( Fig. 1 B) in the absence of cross-linking by the secondary antibody. Upon cross-linking induced domain formation, an apparent enhancement in fluorescence intensity is observed. These results are in agreement with prior work on coredistribution of a variety of ''raft markers'' such as gangliosides (7, 25) , glycosylphosphatidylinositol-anchored proteins (6), kinases (7), and lipid analogs (5) with IgE-FceRI. These steady-state images, nevertheless, lack information concerning the molecular dynamics associated with the changes in membrane nanostructure at the vicinity of specific signaling molecules (e.g., IgE-FceRI). Furthermore, the observed enhancement of fluorescence intensity at crosslinking induced patches can be attributed to either an increase in the local concentration of the fluorescent labels upon cross-linking and/or an enhanced fluorescence quantum yield of the fluorophore due to changes in its immediate surroundings. To understand the underlying structural bases of the observed fluorescence enhancement, we conducted 2P-FLIM where the excited state fluorescence lifetime is independent of the fluorophore concentration. In addition, we carried out polarization anisotropy imaging to visualize the orientation distribution of the dipole moment of diI-C 18 in the plasma membrane. These noninvasive techniques that are best-suited for short-scale dynamics (both in space and time) increase our chances for real-time monitoring of these fleeting microdomains in vivo.
Ultrafast excited state dynamics report environmental changes with increased lifetime of diI-C 18 and A488-IgE upon IgE-FceRI cross-linking Fluorescence lifetime (i.e., quantum yield) is sensitive to conformational changes in both the molecular structure and surrounding environment of a given fluorophore. We exploited this property to probe potential differences in membrane nanostructure as a function of receptor cross-linking. 2P-FLIM (l ex ¼ 760 and 960 nm, 76 MHz) was performed with high spatial and temporal resolution on RBL cells labeled with diI-C 18 or A488-IgE-FceRI, in the presence and absence of extensive cross-linking with a-IgE. To our knowledge, this work represents the first application of 2P-FLIM to the association of IgE-FceRI with cholesterol-rich membrane domains. To overcome the inherently low signal/noise (256 3 256 pixels) and temporal resolution present in 2P-FLIM decays (65 time channels, 195 ps/channel), we performed complementary single-point lifetime experiments (1024 time channels, 16 ps/channel), using 1P excitation (l ex ¼ 480 nm, 4.2 MHz), in which the laser was focused on an equatorial region of interest. The relative size of the membrane patches in cells with cross-linked IgE-FceRI and the 1P-excitation using an underfilled 1.2 NA objective makes it challenging to directly compare 1P and 2P-FLIM results; however, we observe the same trend in our results with both types of excitation.
2P-FLIM
Upon IgE cross-linking, 2P-FLIM reveals bright equatorial patches of either diI-C 18 or A488-IgE-FceRI (Fig. 2) , similar to our confocal images. Corresponding DIC images (Fig. 2 , A, C, E, and G) were captured to examine cell morphology and viability after 2P-FLIM. The fluorescence decays per pixel in these FLIM images were fit to a triexponential for diI-C 18 and a biexponential for A488-IgE labeled cells and revealed longer fluorescence lifetimes for both probes upon FceRI cross-linking (Fig. 2, F and H, respectively) as compared with uncross-linked cells (Fig. 2, B and D) . Representative data from the selected areas (noted by the arrows in Fig. 2) were acquired per pixel and the average lifetime, AEt fl ae, was calculated.
The measured average lifetime of diI-C 18 is 0.71 6 0.02 ns (area highlighted by an arrow in Fig. 2 H) and 0.57 6 0.03 ns (highlighted area in Fig. 2 D) in the presence and absence of a-IgE, respectively. Fig. 2 J shows histograms of the average lifetime distributions for diI-C 18 in the cells depicted in Fig. 2, H 18 , and thus an increase in fluorescence intensity as we observed with confocal imaging (Fig. 1) . As a result, we conclude that cross-linking induced changes in membrane nanostructure can be reported by 2P-FLIM.
FLIM images of A488-IgE-FceRI show cross-linking induced equatorial patching and overall increased fluorescence lifetime as well (Fig. 2) . The average lifetime of A488-IgE-FceRI in cross-linked cells is 1.34 6 0.07 ns (area highlighted by an arrow in Fig. 2 F) , as compared with 1.14 6 0.03 ns (highlighted area in Fig. 2 B) for the monomeric receptor. The bimodal distribution observed for the average lifetimes of A488-IgE on cross-linked cells (see Fig. 2 F and curve 1, Fig. 2 I (histogram peaks ;0.90 ns and 1.35 ns) ) indicates one subpopulation of A488-IgE with a considerably longer lifetime and a second population with a lifetime distribution similar to that of cells that have not been crosslinked with the secondary antibody ( Fig. 2 B and curve 2 , Fig. 2 I (histogram peak ;0.85 ns) ). These differences demonstrate that changes resulting from protein-protein interactions can also be identified using FLIM and suggest that a-IgE, which is a polyclonal antibody with various affinities, does not saturate the A488-IgE binding sites available on the cell surface. Because FLIM is a concentration-independent measurement, the enhanced lifetimes observed for both probes report a change in the local environment of the fluorophores, rather than a cross-linking induced increase in local concentration of the fluorophores. The broad FWHM of the lifetime distributions in the pixel histograms indicate a heterogeneous environment of both the lipid and IgE labels in living cells. Measurements using 2P-FLIM with 960 nm excitation are comparable for both diI-C 18 and A488-IgE (Supplemental Fig. 1 ), suggesting a negligible cellular autofluorescence contribution under our experimental conditions and minimal excitation wavelength dependence.
1P single-point time-resolved fluorescence
The excited-state of the lipid analog diI-C 18 , which preferentially partitions into the cross-linked IgE-FceRI domains, experiences a longer average fluorescence lifetime in crosslinked cells (AEt fl ae ¼ 0. 8 Table 1 ). Fluorescence decays were also calculated from parallel and perpendicularly polarized fluorescence decays (following the denominator of Eq. 2) and fit without deconvolution, starting a few time channels beyond time zero. As a result, the shortest lifetime components (t 1 ) had lower amplitudes and the average lifetimes were consequently higher, whereas all of the time constants 18 lipid and A488-IgE labels with their surrounding environment. As shown in Fig. 3 A, the magic angle fluorescence decays of diI-C 18 for these two cellular conditions are different in shape, with diI-C 18 in cross-linked cells demonstrating a slower lifetime decay (Fig. 3 A, curve 1 ) than in uncross-linked cells (Fig. 3 A, curve 2) . This observation suggests that the diI-C 18 lipid analog localizes to regions of differing membrane structure upon treatment with a-IgE and that environmental constraint increases in cross-linking induced domains. These single-point lifetime measurements follow the same trend we observed in the FLIM experiments-that is, lifetime increases for both diI-C 18 and A488-IgE upon FceRI cross-linking (Table 1) .
To validate the cross-linking induced enhancement in diI-C 18 lifetime and the underlying mechanism of membrane ordering, we compared our cell results with time-resolved fluorescence of diI-C 18 in giant unilamellar vesicles (GUVs) of various lipid phases (F. Ariola, J. Heetderks, P.S. Weiss, and A.A. Heikal, unpublished results). In fluid phase (DOPC) GUVs, diI-C 18 fluorescence decays as a biexponential with t 1 ¼ 0.87 6 0.02 ns, a 1 ¼ 0.83 6 0.01, t 2 ¼ 1.5 6 0.1 ns, and a 2 ¼ 0.17 6 0.01, and an estimated average lifetime of 0.97 6 0.01 ns (n ¼ 5). For diI-C 18 in GUVs of a liquidordered composition (DPPC/cholesterol, 0.7:0.3, mol/mol) that is near the 2:1 ratio of phospholipid/cholesterol found in RBL plasma membranes (14), we measured an average lifetime of 1.22 6 0.07 ns (n ¼ 5). These results agree with previous studies by Packard and Wolf (38) , who reported an increase in the average lifetime of diI-C 18 as lipid order increased, with 0.80 ns for diI-C 18 in fluid phase (DOPC), 0.96 ns in egg phosphatidylcholine, 1.13 ns in gel phase (DPPC) and 1.54 ns in the liquid-ordered composition (DPPC/ cholesterol, 0.7:0.3, mol/mol). The GUV results also support our argument that the increased fluorescence lifetime of diI-C 18 in cross-linked mast cell membranes is due to greater lipid order (i.e., AEt fl ae ¼ 0.60 6 0.04 ns in uncross-linked cells and 0.8 6 0.1 ns in cells cross-linked with a-IgE). Furthermore, the lifetime components of diI-C 18 in either natural (Table 1) or model membranes are longer than that of the free dye in DMSO, which only decays as a single exponential (AEt fl ae ¼ 0.61 6 0.03 ns and 0.54 6 0.02 ns from fitting measured and calculated fluorescence decays, respectively). When diI-C 18 is intercalated within the membrane, the conformational changes of the fluorophore become restricted due to steric hindrance of neighboring lipid molecules (26) .
Similarly, fluorescence lifetime measurements were also conducted on A488-IgE labeled RBL mast cells for comparison. The excited-state fluorescence lifetime of A488-IgE increases when cells undergo IgE receptor cross-linking, as compared with uncross-linked conditions. The measured average lifetime for cross-linked A488-IgE-FceRI is significantly larger (AEt fl ae ¼ 1.67 6 0.04 ns, p ¼ 0.004; Table 1 ) when compared to monomeric IgE-FceRI (AEt fl ae ¼ 1.5 6 0.2 ns; Table 1 Table 1 ). The overall profile of the lifetime decays (Fig. 3 B) and the and A488-IgE). Triexponential diI-C 18 decays were measured at magic angle polarization and biexponential A488-IgE decays were calculated from the measured parallel and perpendicularly polarized fluorescence decays (following the denominator of Eq. 2). In the calculated magic angle fluorescence decays, the fitting was started beyond the FWHM of the system response function. All decays were fit following Eq. 1, and the fit parameters of time-resolved fluorescence decays are summarized in Table 1 As a comparison, time-resolved fluorescence measurements on the fluorophores of interest were carried out in solution. As previously noted, the excited-state fluorescence of free diI-C 18 (in DMSO) decays as a single exponential (Table 1) with an average lifetime of 0.61 6 0.03 ns. This ultrafast excited state lifetime is consistent with the low fluorescence quantum yield of diI-C 18 in solution, and the nonradiative pathway for the excited-state depopulation of diI-C 18 is likely to include isomerization (40) . The fluorescence of free Alexa 488 (in water) decays as a single exponential with an average lifetime of 4.1 6 0.2 ns (Table  1) , which is longer than when the dye is covalently attached to IgE and similar in magnitude to the 3.75 6 0.05 ns obtained by Agronskaia et al. (41) , who analyzed a 50 mM aqueous solution of Alexa 488 with 2P time-correlated single-photon counting (l ex ¼ 800 nm). The longer excitedstate lifetime of Alexa 488 in water (Table 1) , as compared to when it is covalently linked to receptor-bound IgE, indicates either an active nonradiative pathway is available in the cellular environment of Alexa 488 or a greater stabilization of the excited state of A488 by the polar solvent molecules. The average lifetime of A488-IgE in PBS (2.13 6 0.03 ns) is appropriately shorter than free Alexa 488 in solution, yet significantly longer than A488-IgE-FceRI in uncrosslinked cells (p ¼ 0.016). A clear assignment of the active nonradiative mechanism for Alexa 488 upon covalently modifying IgE is rather difficult to define due to the random labeling of A488 on IgE. Although previously published results of lifetime measurements on fluorescently-labeled IgE bound to FceRI (using comparable techniques) are not available, we hypothesize that the observed lifetime of A488-IgE represents an average over a variety of dye environments that vary in both solvent accessibility and possible quenching by protein amino acids, whereas the environment of free A488 in aqueous solution is much more homogeneous. To confirm the structural bases of the observed increases of both diI-C 18 and A488-IgE fluorescence lifetimes upon IgE crosslinking, we carried out time-resolved fluorescence anisotropy measurements.
Dipole-moment distribution and rotational diffusion report increased membrane order upon IgE-FceRI cross-linking
In previous fluorimetry experiments, Gidwani et al. (14) measured the steady-state fluorescence anisotropy of plasma membrane blebs and DRMs isolated from RBL cells. In that study, both biomembrane systems were labeled with a diphenylhexatrienyl phospholipid analog and revealed sensitivity to cholesterol-dependent membrane ordering. The plasma membrane blebs and lipids extracted from plasma membrane vesicles exhibited an enhanced steady-state anisotropy (40% greater) compared to liquid-disordered (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) vesicles and a decreased steady-state anisotropy (60% less) as Free markers in solution Alexa 488 (water compared to liquid-ordered (DPPC/cholesterol, 0.66:0.33, mol/mol) vesicles (14) . However, these cuvette-based experiments lack the dynamics information, as well as the spatial resolution, for signaling molecules in intact, living cells. To overcome these limitations, we used steady-state fluorescence anisotropy imaging (Fig. 1) to evaluate the spatial distribution of lipid order. In addition, complementary single-point time-resolved fluorescence anisotropy measurements (Fig. 4) were carried out using pulsed 1P excitation (l ex ¼ 480 nm, 4.2 MHz), and simultaneous detection of parallel and perpendicular polarized emissions, of singly labeled cells to follow the dynamics of diI-C 18 within the membrane of living RBL cells and the dynamics of the proteinprotein interactions between A488-IgE-FceRI and a-IgE.
Steady-state fluorescence anisotropy imaging
We used steady-state fluorescence anisotropy imaging to visualize local ordering of diI-C 18 ( Fig. 1 and Supplemental   Fig. 2 ) and A488-IgE (Supplemental Fig. 2) within the cell membrane of live mast cells, treated and untreated with a-IgE. Such measurements enable us to further evaluate how the local nanostructure of the plasma membrane is altered upon IgE-FceRI cross-linking with secondary antibody and to provide a structural basis for the observed increase in fluorescence lifetime. The confocal fluorescence images reveal colocalization of diI-C 18 ( Fig. 1 E) with A488-IgE (Fig. 1 D) in the presence of FceRI cross-linking, without a striking visual difference in the average anisotropy of diI-C 18 in cells in the presence (Fig. 1 F) or absence ( Fig.  1 C) of cross-linking. Cells with a-IgE (e.g., Fig. 1 F) exhibit the expected patching with a more homogeneous anisotropy distribution of diI-C 18 within the IgE receptor domains. In contrast, the diI-C 18 anisotropy images of cells in the absence of a-IgE (e.g., Fig. 1 C) generally display more heterogeneity in the fluorescent label dipole-moment orientation throughout the plasma membrane. Higher anisotropy was consistently observed at the domain perimeters, which may be a reflection of increased interfacial tension or barriers between the more ordered domains and the less ordered bulk plasma membrane. As mentioned in Materials and Methods, to avoid artifacts due to polarization-biased detection sensitivity, we estimated the G-factor (0.96) from comparative measurements of the steady-state anisotropy of several free fluorescent molecules in solution and in viscous media performed in a spectrofluorimeter with polarization capabilities and on our confocal microscope. Based on the selected set of filters and dichroic mirrors, the contribution of scattered light to our images is negligible, and because the parallel and perpendicularly polarized images were recorded simultaneously, the effects of potential cell movement can also be ruled out. Similar trends were also observed using 2P-fluorescence polarization anisotropy imaging (Supplemental Fig. 2) , which offers the advantages of a larger dynamic range (i.e., maximum theoretical r 0 -value of 0.57, compared with 0.4 for 1P excitation), an accurately determined G-factor, and negligible cellular autofluorescence and scattered light. These single-cell anisotropy images indicate heterogeneous local lipid and protein environments under the different states of IgE-FceRI cross-linking in live RBL cells. The spatial resolution inherent in steady-state anisotropy offers new information that may be averaged out in previous bulk studies on cell blebs or plasma membrane vesicles studied in suspension using spectrofluorimetry (14) . Although the diI-C 18 steady-state anisotropy images provide insight into the spatial organization of the plasma membrane, they unfortunately lack the dynamics information related to changes in membrane nanostructure and to the effect of IgE-FceRI cross-linking on the membrane. To obtain such information, we conducted time-resolved anisotropy studies of diI-C 18 and A488-IgE-FceRI in mast cells, as a function of IgE receptor cross-linking with a secondary antibody. Table 2 . The observed associated-anisotropy feature (47) in diI-C 18 without cross-linking was not reproducible in all our measurements and may be attributed to the low signal/noise at times much longer than the excited-state lifetime (see Fig. 3 ).
1P single-point time-resolved fluorescence anisotropy
Single-point fluorescence anisotropy measurements, with picosecond temporal resolution, reveal notably higher restrictions on the rotational mobility of diI-C 18 upon cross-linking (Fig. 4 and Table 2 ). The fluorescence anisotropy of diI-C 18 decays as a single exponential with a residual anisotropy (r N ) component, indicating a wobbling (or tumbling) motion of the fluorophore around a flexible tether to/within the membrane. Although there is a significant variation from cell to cell, the characteristic rotational correlation time of diI-C 18 differs with the cross-linking state of IgE-FceRI (f 1 ¼ 0.13 6 0.01 ns (p ¼ 0.048) and 0.10 6 0.01 ns in the presence and absence of a-IgE, respectively; Table 2 ), indicating an increase in membrane nanostructure with IgE cross-linking. Under our experimental conditions, such a fast rotational time constant may not be assigned to free diI-C 18 fluorophores due to the significant observed residual anisotropy (0.19 6 0.07 and 0.21 6 0.04 for cells with and without IgE cross-linking, respectively). The overall initial anisotropy of diI-C 18 is comparable in the membrane of cells incubated with a-IgE (r 0 ¼ 0.30 6 0.06) and in cells without a-IgE (r 0 ¼ 0.33 6 0.02; Fig. 4 A, Table 2 ). Our initial anisotropy values for diI-C 18 in RBL cells are somewhat larger than the ;0.25 obtained for the diphenylhexatrienyl phospholipid analog in RBL plasma membrane blebs and DRM vesicles at room temperature using steady-state anisotropy measurements in a spectrofluorimeter (14) , which may be due to differences in the membrane curvature of the blebs and vesicles versus RBL cells, the ensemble averaging in the cuvette experiments as compared with the single-cell approach reported here, or to the use of a different anisotropy probe. The degree of orientational constraint, as reflected by the r N /r 0 ratio (30, 31) , is also similar for diI-C 18 in the plasma membrane of cross-linked cells as compared to uncross-linked cells (0.64 6 0.02 and 0.64 6 0.09, respectively; Table 2 ). In contrast to diI-C 18 in mast cells (Table 2) , free diI-C 18 in DMSO has an initial anisotropy of 0.30 6 0.01 and a rotational correlation time of 0.73 6 0.06 ns, consistent with its molecular mass (934 Da) and the viscosity of DMSO (;2 cP). The longer rotational diffusion of diI-C 18 upon receptor cross-linking correlates well with the increased lifetime of the probe in the same cells. These results are further substantiated by previous FRAP studies that showed a restriction of diI-C 16 lateral diffusion (;30-40% decrease in mobile fraction) within domains of RBL cells that had been extensively cross-linked in the cold, as compared to cells that had not been cross-linked (5, 42) . These time-resolved anisotropy studies provide support for the hypothesis that the diI-C 18 lipid analog redistributes into IgE-FceRI-containing membrane domains of greater structural order upon cross-linking.
To probe possible changes in protein-protein interactions upon a-IgE binding, similar time-resolved anisotropy measurements were conducted on A488-IgE. In the cell environment, A488-IgE anisotropy decays as a biexponential with a residual (r N ) anisotropy component ( Fig. 4 and Table  2 ) with and without IgE receptor cross-linking. The rotational times of A488-IgE bound to the cell surface were slower when IgE-FceRI was cross-linked with a-IgE (f 1 ¼ 0. 16 Table 2 ). In agreement with the observed increase in lifetime, the enhanced rotational times of A488-IgE-FceRI support conformational changes of membrane Table 2 ), where the slowest time constant, associated with such a small r N amplitude fraction, is uncertain (;40-100 ns, as compared to the relatively shorter excited-state lifetime, i.e., the observation time window for rotational diffusion).
To the best of our knowledge, this is the first time that the ultrafast (picoseconds-nanoseconds) excited-state dynamics and rotational diffusion of fluorescently labeled IgE have been monitored for elucidating the structure-function relationship of IgE receptor cross-linking in intact, live mast cells. Previously, time-resolved fluorescence (43) and phosphorescence measurements (44, 45) of IgE-FceRI on mast cells in solution have been carried out with nanosecondmicrosecond resolution. In one of these studies, the rotational correlation time of IgE-FceRI on both RBL plasma membrane blebs and cells was found to increase significantly for cells that had been treated with a-IgE, and the degree of orientational constraint, r N /r 0 , also increased from 0.515 in uncross-linked cells to 1.00 in a-IgE-treated cells (44) . These results agree well with the trend observed in this report with ;20 ps time resolution (Table 2 ). In addition, the improved time resolution here enables us to monitor ultrafast segmental mobility of the A488-IgE-FceRI complex in real time, which is beyond the resolution of previous phosphorescence experiments (46) . Although the differences in time resolution between our techniques and those of Myers et al. (44) do not permit a true comparison of dynamics and order parameters, the observed enhancement of environmental constraints on the segmental mobility of A488-IgE under cross-linking conditions agree well with former FRAP studies on the lateral diffusion of Cy3-IgE-FceRI (42) . In those studies, a cross-linking induced reduction in lateral mobility of Cy3-IgE-FceRI was reported in mast cells (;40% decrease in mobile fraction) as the complex moved into a more ordered environment from the uncross-linked state (42) . Overall, our single-point time-resolved anisotropy results for diI-C 18 and A488-IgE, together with the lifetime results, suggest that fluorophore dynamics become more restricted and local membrane structure increases upon IgE-FceRI cross-linking.
CONCLUSION
Short-range sampling of the immediate local environment of a fluorescent probe, whether membrane-incorporated or protein-associated, allows for the real-time molecular-level interrogation and visualization of specialized cholesterolrich microdomains and associated signaling proteins, as well as the monitoring of their short-range fluorescence dynamics. In general, the changes in anisotropy and lifetime of both diI-C 18 and A488-IgE in individual RBL-2H3 mast cells can FIGURE 5 Model of A488-IgE and diI-C 18 orientation and location within the plasma membrane in the absence (A) and presence (B) of IgE receptor cross-linking. Ordered regions of the membrane are indicated by high concentrations of cholesterol, sphingomyelin, glycosphingolipids, and glycerophospholipids. Upon receptor crosslinking, these domains cluster to nucleate a larger, functional domain. be correlated with cross-linking induced changes in local membrane structure, which are indicative of the degree of membrane heterogeneity, organization, and composition. Here, we have shown that upon extensive IgE-FceRI crosslinking, diI-C 18 undergoes a change in environment on the nanoscale as it coredistributes in the plasma membrane to well-defined patches of A488-IgE-FceRI (Fig. 5 B) , resulting in longer lifetimes ( Figs. 2 and 3 ; Table 1 ) and higher anisotropy ( Figs. 1 and 4 ; Table 2 ), as compared to uncross-linked cells (Fig. 5 A) . We have also shown that, upon cross-linking with a-IgE, the environment and dynamics of A488-IgE are affected by increased protein-protein interactions, which results in distinguishably longer lifetimes and higher anisotropy as compared with A488-IgE bound to uncross-linked cells. Based on these results, we hypothesize that proteinprotein interaction (i.e., IgE-FceRI cross-linking) recruits essential signaling proteins and lipid molecules into more ordered domains that serve as a platform for signaling. The results presented here will provide a valuable frame of reference for the interpretation of studies on mast cells that are stimulated under more physiological conditions (e.g., 37°C), where domains are much smaller in size and exist for shorter periods of time, although the exact spatial and temporal scale of these domains remains to be determined. Moreover, these studies offer an opportunity to follow the spatial and temporal relationships linking plasma membrane nanostructure to the dynamics of FceRI and other signaling molecules, both in living cells and in model membrane systems.
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